. Purpose: This retrospective study tests if runners who habitually forefoot strike have different rates of injury than runners who habitually rearfoot strike. Methods: We measured the strike characteristics of middle-and long-distance runners from a collegiate cross-country team and quantified their history of injury, including the incidence and rate of specific injuries, the severity of each injury, and the rate of mild, moderate, and severe injuries per mile run. Results: Of the 52 runners studied, 36 (69%) primarily used a rearfoot strike and 16 (31%) primarily used a forefoot strike. Approximately 74% of runners experienced a moderate or severe injury each year, but those who habitually rearfoot strike had approximately twice the rate of repetitive stress injuries than individuals who habitually forefoot strike. Traumatic injury rates were not significantly different between the two groups. A generalized linear model showed that strike type, sex, race distance, and average miles per week each correlate significantly (P G 0.01) with repetitive injury rates. Conclusions: Competitive cross-country runners on a college team incur high injury rates, but runners who habitually rearfoot strike have significantly higher rates of repetitive stress injury than those who mostly forefoot strike. This study does not test the causal bases for this general difference. One hypothesis, which requires further research, is that the absence of a marked impact peak in the ground reaction force during a forefoot strike compared with a rearfoot strike may contribute to lower rates of injuries in habitual forefoot strikers.
D
istance running causes high rates of running injuries, variously estimated to be between 30% and 75% per year (38, 39) . Although comparisons of injury rates among studies are complicated by different methods used to define and measure injuries and by differences between the populations studied, there is general agreement that running injury rates are unacceptably high, with no significant decline during the last 30 yr despite considerable efforts to reduce them. The causal bases for running injuries are obviously multifactorial and are often thought to include both intrinsic factors such as biomechanical abnormalities, previous injury, sex, and body mass index (BMI), as well as extrinsic factors such as shoes, flexibility, core strength, or the intensity duration and frequency of training (3, 6, 15, 19, 22, (37) (38) (39) . Many studies, however, have found that efforts to mitigate the effect of these factors on injury using either graded training programs (6, 44) or prescriptions of shoes and orthotics have either modest or nonsignificant effects (14, 18, 23, 33, 34) .
Because a runner's kinematics affects how external and internal forces are generated and withstood by the body, this study considers how differences in general running form may influence overall injury rates. Although running form has many components, we focus on just one major aspect of running form, foot strike pattern, whose effect on injury rates has not been previously studied. Foot strikes vary, and there is no consensus on how to define and measure them (see Cavanagh and Lafortune [8] and Lieberman et al. [21] ). Here, we define three categories of strike types that are prevalent among distance runners: rearfoot strikes (RFS), in which the heel contacts the ground first (heel-toe running); forefoot strikes (FFS), in which the ball of the foot contacts the ground before the heel (toe-heel-toe running); and midfoot strikes (MFS), in which the heel and ball of the foot contact the ground simultaneously. Note that we do not consider toe strikes, in which the heel never contacts the ground because this is a rare strike pattern among distance runners. We also note that strike pattern depends to some extent on speed, surface, footwear, and fatigue, but FFS gaits are generally more common at higher speeds, and among unshod or minimally shod runners, especially on hard surfaces (12, 21, 36) .
There are three major reasons to test for a relationship between strike pattern and injury rates. First, how the foot strikes the ground involves disparate kinematics of the lower extremity. During a RFS, a runner usually lands with the foot in front of the knee and hip, with a relatively extended knee, and with a dorsiflexed, slightly inverted and abducted ankle; the runner then plantarflexes rapidly as the ankle everts just after impact (Fig. 1A) . In contrast, a FFS runner lands with a more flexed knee and plantarflexed ankle (Fig. 1B) , usually making ground contact below the fourth or fifth metatarsal heads; the runner then simultaneously everts and dorsiflexes the foot during the brief period of impact, usually with more ankle and knee compliance (21) . MFS landings are highly variable, but generally intermediate in terms of kinematics. Second, different strike patterns generate contrasting kinetics, especially at impact. As Figure 1 shows, RFS landings typically generate a rapid, high-impact peak in the ground reaction force (GRF) during the first part of stance; FFS also must generate an impact, but they usually cause no clear and marked impact peak (4, 12, 20, 21, 27, 41) . MFS can cause a broad range of impact peaks, from high to low, depending on ankle and knee compliance (12, 21) . Strike pattern also affects lower extremity joint moments, with FFS landings causing higher net moments around the ankle in the sagittal plane and lower net moments around the knee and hip in both the sagittal and transverse planes (11, 41) . A final reason to study the relationship between foot strike pattern and injury rates is the growing popularity of running either barefoot or in minimal shoes that lack an elevated heel, contain no arch support, and have a thin, flexible sole. All humans ran either barefoot or in minimal shoes before the invention of the modern running shoe in the 1970s. Habitually barefoot and minimally shod runners commonly FFS or MFS (21, 37) , and habitually shod runners asked to run barefoot instinctively land more toward the ball of the foot (12) . These and other sources of information, such as old coaching manuals (e.g., Wilt [42] ), lead to the hypothesis that FFS running may have been more common for most of human evolution. This hypothesis is relevant to the issue of running injury because if the foot evolved via natural selection to cope primarily with movements and forces generated during mostly forefoot rather than rearfoot strikes, then it follows that the body may be better adapted to FFS running.
Another motivation for this study is that a growing number of runners are adopting FFS or MFS landings in minimal shoes or sometimes even barefoot, many because of unsubstantiated claims that this sort of form can prevent injuries, as well as increase speed and improve endurance. These claims are problematic because they have not been tested. However, there are two major reasons to predict that strike type affects injury rates. First, as noted above, studies of GRF have shown that RFS landings typically generate a marked, substantial impact peak (Fig. 1A) , defined as a brief, high spike of force that is superimposed on the upslope of the vertical GRF immediately after the foot's initial contact with the ground. The impact peak in a typical barefoot RFS has a rate of loading of 400-600 body weights per second and a magnitude of 1.5-2.5 body weights but is usually dampened by a shoe heel to a loading rate of 70-100 body weights per second, with a 10% reduction in magnitude (21, 30, 35) . In contrast, the initial impact between the foot and the ground in FFS and some MFS landings is more compliant and involves the exchange of less momentum and, thus, does not generate a conspicuous impact peak with a high rate and magnitude (4, 8, 20, 21, 30, 41) . This difference presumably accounts for why unshod or minimally shod runners tend to FFS or MFS (21) without the benefit of an elastic heel, which attenuates the larger impact peak forces during RFS landings more effectively than the human heel pad (10). Impact peak forces are hypothesized to contribute to some kinds of injury because they generate a shock wave that travels up the body, generating potentially high stresses and strains in skeletal tissues, which, in turn, generate high levels of elastic hysteresis that can contribute to injury over repeated cycles. Higher rates and magnitudes of impact loading have been shown by some studies to correlate significantly among RFS runners with lower limb stress fractures (25) , plantar fasciitis (31) , and other injuries such as hip pain, knee pain, lower back pain, medial tibial stress syndrome, and patellofemoral pain syndrome (9, 13, 31) . Other studies, however, have failed to find a correlation between impact peaks and running injuries (28, 29) . All of these studies, however, examined only habitually shod RFS runners and did not look at FFS runners whose GRF lack a marked impact peak.
A second factor relevant to running injury rates in FFS versus RFS runners is the rate and magnitude of joint moments (or torques), which may cause repetitive stress damage in ligaments, tendons, cartilage, and other nonskeletal connective tissues that stabilize joints (2) . During impact, RFS landings generate a lower net moment in the sagittal plane around the ankle than a FFS, but higher net sagittal moments in the knee (1, 41) . In addition, shoes with thick and wide heels nearly double the pronation-inducing torque in the coronal plane at the ankle (11) , and RFS running in shoes increases peak external adductor (varus) rotational moments, external flexion and internal (medial) rotation moments at the knee, and peak external adductor and external (lateral) rotation moments at the hip (17) . However, correlations between these moments and running injuries have not been studied.
To sum up, the general hypothesis we test is that, while both FFS and RFS runners incur injuries, FFS runners experience overall lower rates of injury than RFS runners after correcting for covariates such as distance run per week, BMI, sex, and race distance run. We also predict a trade-off among injuries in runners who habitually use FFS and RFS gaits. Runners who RFS are hypothesized to be more likely to incur injuries in the lower extremity caused by repeated, high and rapid impact peaks, as well as injuries caused by repeated, high and rapid moments in the knee and hip. Predicted RFS injuries therefore include injuries of the knee and hip, lower back pain, plantar fasciitis, medial tibial stress syndrome, and stress fractures of bones of lower limb excluding the metatarsals (26, 30, 31) . In contrast, runners who FFS may be more likely to experience higher magnitudes of loading in the forefoot and higher and more rapid sagittal plane moments in the ankle (41) . Therefore, predicted FFS injuries include Achilles tendinopathies, injuries of the foot, and stress fractures of the metatarsals.
METHODS
A retrospective cohort study was performed to investigate differences in injury types and rates among 52 athletes who were on the Harvard University Cross Country team between August 2006 and January 2011 ( Table 1 ). All were experienced runners, sufficiently talented to compete at the Division I of the National Collegiate Athletic Association. All subjects were middle-and long-distance runners who competed in races between 800 m and 10 km, and who followed similar training plans developed by the same coach. In the fall cross country season (approximately 3 months), most runners ran four to six races on natural surfaces such as packed dirt and grass: female subjects ran 6-and 8-km races and male subjects 8-and 10-km races. In the winter and spring track season (approximately 6 months), middle-distance runners usually ran eight to twelve 800-m, 1500-m, 1600-m, and 3-km races and long-distance runners usually ran eight to twelve 3-, 5-, and 10-km races on track. The use of medical and training records and the collection of data on running biomechanics for all subjects were approved by the Harvard University Committee on the Use of Human Subjects. Prior written informed consent was obtained from all subjects.
Running training data. Information on each subject's training during the study period was collected from an online running log Web site. Each athlete was required to record daily all running and cross-training information including distance run, times, and comments on performance throughout the 9-month athletic season. The total number of running days, total miles run, total minutes run, average miles per week, and average running pace were computed for each subject while on the team.
Strike type characterization. Foot strike patterns vary during workouts and races depending on several factors such as incline, fatigue, and speed. It is not possible to assess precisely the percentage of different foot strikes each runner uses throughout training, but we can measure the predominant foot strike used for the majority of miles run. To accomplish this, strike type was visually identified using a 500-Hz video camera (FastecInLine 500M; Fastec Imaging, San Diego, CA) from a lateral perspective. Some subjects (n = 31) were recorded while running at four speeds (females: 3.0, 3.5, 4.0, and 4.5 mIs ) on a treadmill with the camera placed 2 m lateral from the recording region 0.25 m above ground level; other subjects (n = 28) were recorded while running on a track at three self-selected speeds (recovery pace, intermediate pace, and 5000-m race pace) with the camera placed 4 m lateral from the recording region, 0.5 m above ground level. Seven subjects ran in both experimental setups to validate the reliability between methods. For these subjects, agreement was 100% in categorizing a runner's habitual strike type in overground and treadmill conditions (intraclass correlation (ICC) = 1.0).
The plantar foot angle at foot strike was determined as the angle between earth horizontal and the plantar surface of the foot. The plantar foot angle was examined to determine the foot strike type using methods reported in Lieberman et al. (21) . Strikes in which the heel was the first part of the foot to contact the ground and the plantar angle was positive were categorized as RFS; strikes in which the ball of the foot contacts the ground first and the plantar angle was negative were classified as FFS; strikes in which the ball of the foot and heel landed simultaneously (within the 2-ms resolution available from the video) were classified as MFS. A minimum of three strikes was assessed for each runner. For the nine subjects who changed foot strike type with increased speed, the foot strike at which the subject ran the majority of their miles was used to classify that runner (four were classified as FFS runners and five as RFS runners). Injury data. All athletes on the team are required to report all injuries, which were diagnosed and recorded by the same athletic trainer/physical therapist (G.G.); followup consultations were performed by the same team of four physicians at the Harvard University Health Services. Injury diagnosis, physical activity restrictions, treatment plan, and administered treatment were documented approximately 5 dIwk j1 during the 9-month athletic season. This system allowed for consistent injury diagnosis and treatment across subjects.
Each injury diagnosis was made by the medical staff after consultations with physicians, if necessary, and after incorporating any medical imaging data that were acquired (e.g., radiographs, magnetic resonance imaging, and computed tomographic scans). Injuries caused by accidents (e.g., falls and collisions) were excluded from this study. The remaining running injuries were grouped into the following categories: tendinopathies (by tendon); plantar fasciitis; stress reactions and stress fractures (by bone, including medial tibial stress syndrome); iliotibial band syndrome; knee pain including patellofemoral pain syndrome, plica syndrome, and bursitis; lower back pain (including sacroiliac joint pain); muscle strains; cartilage damage (by joint); sprains (by joint); and generalized pain (by region).
The severity of each diagnosed injury was quantified in its effect on training using a numerical scoring system based on physical activity restrictions during the entire period that the injury persisted. The following categories of restriction were used: Full, athlete continues running without restrictions; 950%, athlete runs at a reduced intensity or distance, greater than half of normal training; G50%, athlete runs at a reduced intensity or distance, less than half of normal training; Cross-training, athlete is not running, but is crosstraining; Off, athlete is neither running nor cross-training. A Running Injury Severity Score (RISS) was computed by summing the days at each grade of physical restriction multiplied by a coefficient relative to the extent of restriction:
Although the RISS is a continuous measure of injury severity, we binned all injuries into three major grades: mild (e10), moderate , and severe (970). The following are examples: a mild injury could cause a runner to take at most 2 d completely off or to train through the injury for 10 d; a moderate injury could cause a runner to take up to two complete weeks off or to train through the injury for up to 10 wk; and a severe injury, such as a stress fracture, could cause a runner to take 6 wk off, cross-train for 2 wk, and run at a reduced intensity than normal training for 2 wk. Mild injuries are probably underreported because subjects may have sometimes neglected to report injuries that did not prevent them from training.
Injuries were grouped by type into those predicted to be more common in FFS and RFS runners. On the basis of the general model presented above, predicted FFS injuries were Achilles tendinopathies, foot pain, and stress fractures of metatarsals; predicted RFS injuries were hip pain, knee pain, lower back pain, tibial stress injuries, plantar fasciitis, and stress fractures of lower limb bones excluding the metatarsals. Injuries were also grouped into those likely to be caused by repetitive stress (repetitive injuries) and trauma such as muscle soreness and strains from speed work (traumatic injuries).
To correct for the distance run by each subject, injury rates per 10,000 miles run were quantified for each subject.
Statistical analysis. t-Tests were used to compare mean injury rates of four continuous variables (repetitive injury rate, traumatic injury rate, predicted FFS injury rate, and predicted RFS injury rate) between RFS runners and FFS runners (pooled and by sex). These analyses were run separately for mild, moderate, and severe injuries and for combined moderate and severe injuries; for all comparisons, Welch's t-tests were used to account for potentially unequal variances. In addition, a generalized linear model (GLM) was used for the four injury groups with the following covariates: foot strike type, sex, BMI, race distance (middle or long distance), average miles per week, duration in study, and the quadratic terms of average miles per week and duration in study. The GLM (24, 40) assesses the association between independent variables and a dependent, response variable (in this case, rate of injury). Specifically, the response variable was assumed to have a Poisson distribution, and a log link function was used. This allows the magnitude of the variance of each measurement to be a function of its predicted value and is defined as follows:
where A 0 is the intercept term, A i is the coefficient of the ith covariate, and X i is the ith covariate. Descriptive statistics and statistical tests were weighted by total miles run by each subject during the study period to account for the greater robustness of injury rates from subjects who had run more miles during the study period.
RESULTS
The 52 subjects in the study (males = 29, females = 23; age = 17.75-22.5 yr, BMI = 17.2-24.2 kgIm j2 ) ran a total of 182,879 miles during the period measured. On the basis of the independent assessment of strike type during overground and treadmill conditions, 16 (31%) were classified as habitual forefoot strikers; 36 (69%) were classified as habitual rearfoot strikers. There were no habitual MFS runners; one subject had a MFS at his slowest recorded speed but ran with a RFS for the other three speeds and was thus classified as a RFS runner. There was no significant difference in foot strike pattern between middle-and longdistance runners (W 2 test, likelihood ratio: P = 0.6027). Although we report injuries per mile, we had more years of data for older subjects who had been on the team longer. This is not a source of bias because there was no significant relationship between years on the team and the number of miles run per week (least squares regression, R 2 = 0.01, P = 0.47), BMI (least squares regression, R 2 = 0.0002, P = 0.93), or strike type (Kendall tau result W 2 = 0.35, P = 0.56). Females ran an average of 40 milesIwk j1 ; males averaged 45 milesIwk j1 (Table 1) . During this period, a total of 181 repetitive injuries were recorded, of which 46 (25%) were mild, 72 (40%) were moderate, and 63 (35%) were severe ( Fig. 2A ). There were 67 traumatic injuries, of which 36 (54%) were mild, 22 (33%) were moderate, and 9 (13%) were severe (Fig. 2B) . The percent injured (excluding mild injuries) was 74% (females = 79%, males = 68%), but if mild injuries are included, 84% of runners had a repetitive injury (females = 88%, males = 79%). Although overall injury rates were higher in females, the general pattern of injury severity did not differ between the sexes (Figs. 2C and D) .
Injury rates by general category (repetitive, traumatic, predicted FFS, and predicted RFS) and severity (mild, moderate, and severe) are summarized by foot strike and sex in Figure 3 and Table 2 (rates of specific injuries are broken down in Table, Rates of individual injuries; Supplemental Digital Content 1, http://links.lww.com/MSS/A153). The most common injuries were muscle strains (21.5% of all injuries), medial tibial stress syndrome (13.8%), knee pain (7.7%), iliotibial band syndrome (7.2%), and Achilles tendinopathies (6.6%). As predicted, repetitive stress injury rates are consistently and significantly higher for RFS runners than FFS runners. For the total sample, injury rates for both mild and moderate (but not severe) repetitive stress injuries are 2.5 times higher in RFS than in FFS runners (P G 0.05), and the rate of combined moderate and severe repetitive injuries is 1.7 times more frequent in RFS runners (8.66 injuries per 10,000 miles) than in FFS runners (5.00 injuries per 10,000 miles, P = 0.04; Fig. 3A) . In contrast, traumatic injury rates (Table 3 and Fig. 3B ) do not differ in a significant or consistent pattern between RFS and FFS runners (combined moderate and severe injuries, P = 0.78). To test if the results were affected by misdiagnosis of a subject's habitual foot strike type, we redid the analyses without the nine subjects who were recorded using more than one foot strike pattern (see Methods). This smaller sample had four (25%) fewer FFS runners and five (14%) fewer RFS runners, decreasing statistical power but yielding a similar pattern of difference in repetitive stress injury rates between FFS and RFS subjects but with a slightly reduced effect size. Comparing RFS and FFS subjects, the ratio of moderate repetitive stress injuries decreased from 2.5 to 2.1 and remained significantly different (P = 0.05); the ratio of mild injuries decreased from 2.5 to 2.0 (P = 0.17) and the ratio of combined moderate and severe injuries decreased from 1.7 to 1.5 (P = 0.22).
We also compared the rates of injuries predicted to affect FFS and RFS runners (Table 2 and Figs. 3C and D) . Although predicted FFS injury rates are not significantly different between foot strike groups (combined moderate and severe injuries, P = 0.56), the rates of predicted RFS injuries are consistently and significantly higher in the RFS runners, with an overall 2.7 times greater frequency of combined moderate and severe injury for RFS runners (5.80 injuries per 10,000 miles) than for FFS runners (2.19 injuries per 10,000 miles), a highly significant difference (P = 0.0058). When the nine subjects who were recorded using more than one foot strike pattern were excluded from the analysis, trends in predicted FFS and RFS injuries remained almost the same with no effect on predicted FFS injuries, and the ratio of predicted RFS injuries (combined moderate and severe) between the two groups declined only slightly from 2.7 to 2.5 on the cusp of conventional statistical significance (P = 0.054) with the smaller sample size. http://www.acsm-msse.org A complementary method of analyzing differences in injury rates that controls for covariates is to use a generalized linear model. This analysis (Table 3) shows that strike type, sex, race distance, and weekly mileage were significantly associated with the rate of combined moderate and severe repetitive stress injuries, but none of the covariates were significantly associated with traumatic injury rates. In addition, strike type was significantly associated with predicted RFS (P G 0.0001) but not predicted FFS injury rates (P = 0.7591). For repetitive injures and predicted RFS injuries, being a RFS runner, being female, and being a distance runner (compared with middle-distance runners) contributed to higher injury rates. For predicted RFS injuries, having a higher BMI also contributed to higher injury rates.
DISCUSSION
Compared with the injury rates documented in some other studies (see Reference 39), the runners studied here had a high rate of injury: approximately 75% of subjects incurred at least one moderate or severe repetitive stress injury per year. Injury rates were only slightly higher in females than in males. This generally high rate of injury probably reflects the intense, competitive nature of the population studied and is typical of most collegiate teams. Compared with most recreational runners, these athletes were running more miles per week, training at faster speeds, and racing more frequently, approximately 12-18 races per year, and they are used to training through discomfort and pain. The high rate of injury might also be partially explained by more thorough injury surveillance as runners had nearly daily access to athletic trainers and were required to report injuries. Even so, the most common repetitive stress injuries were similar to those of other studies: medial tibial stress syndrome, iliotibial band syndrome, patellofemoral pain syndrome, and Achilles tendinopathies.
Both FFS and RFS runners were injured at high rates, but differences between the two groups support the hypothesis that foot strike patterns influence injury rates. In terms of the general category of repetitive stress injuries, the pooled sample of RFS runners was 2.6 times more likely to have mild injuries and 2.4 times more likely to have moderate injuries. When moderate and severe injuries are pooled, RFS runners had an overall injury rate that was nearly twofold higher than what FFS runners had (P = 0.04). In contrast, traumatic injury rates were not significantly different between RFS and FFS runners. We also tested for differences in the rates of categories of injuries expected to predominantly affect RFS or FFS runners. As hypothesized, the set of predicted RFS injuries (hip pain, knee pain, lower back pain, tibial stress injuries, plantar fasciitis, and stress fractures of lower limb bones excluding the metatarsals) were between twofold and fourfold more frequent in RFS than in FFS runners, with significantly lower rates of mild and moderate injuries in FFS runners (P = 0.0121 and P = 0.0014, respectively), and a significantly lower rate of moderate plus severe injuries in FFS runners (P = 0.0058). In contrast, the incidence of injuries predicted to be higher in FFS runners (Achilles tendinopathies, foot pain, and metatarsal stress fractures) was not significantly different between the two groups. Future studies with larger sample sizes will be necessary to extend these results to specific injuries, and we caution that because many factors probably contribute to each type of injury, these factors likely differ between injuries. As a result, we do not predict that a single nominal variable such as foot strike type can ever explain a high percentage of the variance for specific injury. Figure 3A illustrates the relatively high variance in injury rates within both groups; the subjects studied included some FFS runners (n = 5, 31%) with modest to high rates of repetitive stress injury (910 injuries/10,000 miles) and many RFS runners (n = 7, 19%) with injury rates below this arbitrary threshold.
In short, most runners from the population we studied are likely to get a repetitive stress injury in a given year, (3, 6, 15, 22, 37) . The biggest question these results raise is what about FFS running that makes it less injurious than RFS running in the population studied here? As noted here, of the several differences between FFS and RFS biomechanics, the most important from the perspective of injury is the nature of the impact peak measured in the vertical GRF just after contact between the foot and the ground. All runners experience an initial impact of the foot with the ground, but numerous studies of vertical GRF show that the exchange of momentum between the body and the ground in RFS (heel-toe) and FFS (toe-heel-toe) runners is qualitatively and quantitatively different (4, 8, 21, 27, 41) . RFS runners usually generate a marked, short spike in the vertical GRF immediately after the foot's initial contact with the ground, but such an impact peak is lacking or barely measurable in FFS and some MFS landings (Fig. 1) . Put in practical terms, the rates and magnitudes of vertical GRF during the initial part of stance are lower in FFS runners (barefoot or shod) than in shod RFS runners (21) . High and rapid impact peaks measured in terms of vertical GRF apply high and rapid forces to the lower extremity, especially the skeletal tissues. In turn, high and rapid rates of loading are potentially injurious in skeletal tissues, especially the bone, because they increase hysteresis, which leads to structural damage that can accumulate over repeated events (2). This study did not measure GRF, and thus, it cannot directly test the hypothesis that variations in impact peak loading underlie the differences in injury rates measured here between runners with FFS and RFS strike types. However, these injury differences are relevant to several recent studies that have found that the rate and magnitude of impact peaks are significant predictors of numerous repetitive stress injuries that are experienced by many runners including plantar fasciitis (30) , tibial stress syndrome (25, 31) , and patellofemoral pain syndrome (9) . We note that not all studies have found a significant correlation between impact peak loading and injury (28, 29) . However, because these previous studies compared the rates and magnitudes of impact peaks between samples of just RFS runners, they did not assess the effect of running styles that do not generate a clear, substantial impact peak in the first place. Further research is necessary, but we predict that variations in the rate and magnitude of impact loading explain a significant percentage of the variance in injury rate over long periods both within and between groups of runners who use different types of strike types. Testing this hypothesis is a challenge because the rate and magnitude of impact peak loading varies with speed, terrain, fatigue, and other factors, and it is not possible to quantify accurately or precisely the range of variation that any given runner experiences over the many months or years during which a repetitive stress injury accrues.
Another set of biomechanical factors that differ between RFS and FFS runners and which merit further study in terms of their effect on injuries are joint moments. It is not known if higher joint moments cause injuries, but the few studies that compared joint moments in FFS and RFS runners have generally found that net moment magnitudes are higher in the knee for RFS runners and higher in the ankle for FFS runners (1, 11, 41) . In addition, Kerrigan et al. (17) found lower extremity moments to be higher in habitually shod runners during barefoot running; because runners tend to land more toward the ball of the foot when unshod (12, 21) , these results support the hypothesis that FFS runners have lower joint moments in the knee and hip. More detailed studies are necessary to comprehensively compare differences in joint moments between RFS and FFS runners and their effect, if any, on patterns and rates of repetitive injuries.
This study, like most injury studies, has limitations and we caution against extrapolating the above results to assuming that all runners are necessarily less likely to be injured if they FFS. For one, the population of subjects studied here, collegiate runners, are not representative of many amateur runners; instead, they are highly competitive and motivated, frequently train at high intensity in terms of distance and speed, and are perhaps more likely to ignore injuries in their early stages--factors that may help account for the high rate of injury. These differences, however, may be useful for studying the causes of injury because the training intensity of the subjects studied likely amplifies injury rates. If RFS runners on a college cross-country team who run approximately 40 milesIwk j1 at speeds of approximately 3.0 to 4.5 mIs j1 for women and 3.5 to 5.0 mIs j1 for men are roughly twice as likely to get a moderate or severe injury than FFS runners are, then it is possible that runners who train less intensely have lower rates of injury but with similar differences in relative injury rates between FFS and RFS runners. This speculative hypothesis merits testing in other populations.
Another limitation to consider is that the subjects studied here vary little in other factors that have been implicated in injury rates such as BMI, previous injury history, age, and overall athletic skill (see Jones et al. [15] , Taunton et al. [37] , and van Gent et al. [38] ). None of the subjects measured here had BMI 925 kgIm j2 , all had previous injuries, all were younger than 22 yr, and none were novice runners. However, many of these factors would lead to even higher injury rates, and there is no reason to predict that they would do so more for FFS than RFS runners. In addition, we did not measure several other covariates of interest such as shoe type, arch type, and Q angle. We could not quantify shoe type because all the runners in this study used a range of shoes including both trainers and racing flats. However, we noted that many of the FFS runners preferred to run solely in racing flats, which tend to have more flexible soles and
